Five new physalins, including a novel 1,10-seco one, physalin V (1), a tricarboxylic acid cycle one, physalin VIII (5), a rare 11,15-cyclo one, physalin IX (6), and two new ones, physalins VI (2) and VII (4) were isolated from stems and leaves of Physalis angulata together with eleven known analogues (3 and 7-16). Their structures were established by MS, IR, UV, and NMR spectroscopic analysis, together with the X-ray diffraction analysis of neophysalin, physalin P (12), and the structure of physalin D 1 (3) has been revised here. These isolated compounds were evaluated for their antiproliferative activities The withanolides are a group of natural C 28 steroids with a γ-or δ-lactone based on an ergostane skeleton, which are derived from a parent 23-hydroxy-26-oic or 22-hydroxy-26-oic acid. They can be further divided into 22 subtypes based on the difference of the structural skeleton, such as normal withanolides, physalins, withaphysalins, neophysalins, jaborols, and so on 1, 2 . Physalins, commonly termed 16,24-cyclo-13,14-seco steroids, are classified as a group of withanolides with the most advanced oxidation level, from which they are formally derived from oxidative bond cleavage between C-13 and C-14 to produce a nine-membered ring, formation of a new six-membered carbocycle between C-16 and C-24, oxidation of the C-18 methyl group to a COOH group, which leads to 18,20-lactonization, and formation of an oxo bridge between C-14 and C-17, resulting in an oxygen heterocyclic system across rings C and D [3] [4] [5] . The genus Physalis has attracted attention from scientists due to the occurrence of the first 16,24-cyclo-13,14-seco withanolide physalin A from Physalis alkekengi var. franchetii in 1969 6 . Over the past 47 years, about 60 physalins have been isolated from this genus. The genus Physalis (Solanaceae) comprising approximately 120 species, is widely distributed in subtropical and tropical regions all over the world. Physalis angulata L., known as ku-zhi in China 7
C NMR data of 1 were closely resembled those of physalin G (11) isolated from P. angulata 23 , with the exception that signals of ring A [δ H 6.49 (1 H, dd, J = 11.2, 2.0 Hz, H-4), 5.49 (1 H, ddd, J = 11.2, 9.3, 2.0 Hz, H-3), and 5.25 (1 H, br s, H-6); δ C 171.8 (C-1), 141.0 (C-10), 128.8 (C-4), 125.7 (C-5), 118.3 (C-3), 71.2 (C-6), and 35.6 (C-2)] were present in 1, indicating that 1 was a 1,10-seco physalin 27, 28 . This conclusion was confirmed by the HMBC correlations from H-2a to C-1/C-3/C-4, H-3 to C-1/C-2/C-5, H-4 to C-2/C-5/C-6/C-10, and H-6 to C-1/C-5/C-8/C-10 ( Supplementary Fig. 3-5 ), suggesting the presence of the seven-membered β,γ-unsaturated lactonic ring (Fig. 2) . The relative configuration of 1 was established through the NOESY correlation of H-6 with H-2a (Fig. 3 , Supplementary Fig. 6 and 7) in combination with the coupling constant (J 2a,3 = 4.7 Hz), requiring a-orientations of H-6 and H-2a 27, 28 . According to X-ray diffraction data (Cu Ka) of physalin P (12) (Fig. 4) , an acid induced benzilic acid-type rearranged product of physalins 29 , in combination with the biogenetic grounds and previous literatures [30] [31] [32] [33] [34] , 1 was assigned as (6R,8R,9S,13S,14R,16S,17R,20S,22R,24S,25S) Supplementary Fig. 17 ) and 13 C NMR data ( Supplementary Fig. 11 ). The IR spectrum ( Supplementary Fig. 18 (3 H, s, Me-27), and 1.17 (3 H, s, , and the reduced two geminal oxymethylene protons in conjunction with the 13 C NMR data [δ C 209.6 (C-1), 140.4 (C-5), 128.0 (C-4), 126.6 (C-6), 122.6 (C-3), 101.0 (C-14), 22.4 (C-28), 20.7 (C-21), 19.4 (C-27), and 17.8 (C-19)], indicating the existence of a 1-oxo-3,5-diene unit and the nonexistence of a C(14)-O-C(27) cyclization moiety. The above NMR spectroscopic data of 2 were related to those of physalin M isolated from P. alkekengi L. var. franchetii 35 , except for the presence of a methyl group [δ H 1.36 (3 H, s, Me-27); δ C 19.4 (C-27)] and an oxygenated carbon [δ C 72.6 (C-25)], with the assumption for the presence of a hydroxy group at C-25. The key HMBC correlations from Me-27 to C-24/C-25/C-26 and Me-28 to C-16/C-23/C-24/C-25 ( Fig. 2 and Supplementary Fig. 12-14) confirmed the hypothesis. The orientation of OH-25 was deduced to be α by NOESY correlations of Me-27 with H-23a and Me-28 with H-23a ( Fig. 3 and Supplementary Fig. 15 and 16 ). Therefore, 2 was determined as (8R,9S,10R,13S,14R,16S,17R,20S,22R,24S,25R) Fig. 19-23 ) completely identical to those of physalin D 1 isolated from P. alkekengi L. var. franchetii 36 , indicating that they were the same compound. However, the NOESY spectrum of 3 displayed a key correlation between OH-5 and Me-19 ( Fig. 3 and Supplementary Fig. 24 and 25) , indicating a β-orientation of OH-5. This conclusion was further confirmed by the 13 C NMR chemical shift value of the methyl group at C-10 Supplementary Fig. 35 ) and 13 C NMR data ( Supplementary Fig. 29 ). Comparison of the NMR data of 4 and isophysalin B (16) 25 indicated that the proton at C-25 was replaced by a hydroxy group, since the chemical shift value of C-25 was deshielded from δ C 50.9 in 16 to δ C 73.6 in 4, which was further supported by the HMBC correlations from OH-25 to C-25, H-27a/H-27b to C-14/C-24/C-25/C-26, and Me-28 to C-16/C-23/C-24/C-25 ( Fig. 2 and Supplementary Fig. 30-32) . Furthermore, the NOESY correlations of OH-25 with H-23a/Me-28 ( Fig. 3 and Supplementary Fig. 33 Plausible biogenetic pathway. The discovery of compounds 1 and 6 in the genus Physalis is rather uncommon from the viewpoint of chemotaxonomy. Compounds 1 and 6 could have been produced from physalin B, one of the major constituents of P. angulata (Fig. 5) . Epoxidation of physalin B followed by Michael addition reaction from C-3 could give intermediate i. Then nucleophile attack on intermediate i by C-1, followed by ring cleavage between C-1 and C-10, lactonization, and dehydration could yield 1 27 . The cyclization of physalin B between C-11 and C-15 could produce intermediate ii as well as physalin R except for the orientations of H-11 and OH-15, which could be further epoxidized and hydrated to give 6.
Antiproliferative assay. The isolated compounds were examined for their antiproliferative activities against human prostate cancer cells (C4-2B and 22Rv1), human renal cancer cells (786-O, A-498, and ACHN), human Inhibitory effects of all the compounds on NO production induced by LPS in macrophages. Nitric oxide (NO) is famous as a cellular signaling molecule, and considered as an important regulator in many physiological mechanisms [38] [39] [40] . Pharmacological studies have indicated that inflammation is related to overproduction of NO 41 . The inhibitory effects of all isolated compounds on NO production induced by LPS in macrophages were assayed ( Table 4 ). As shown in Table 4 , compounds 9, 10, 13, and 16 exhibited significant inhibitory activities against NO production with IC 50 values of 0.32-4.03 μM, while compounds 1, 3, 4, and 14 showed moderate inhibitory activities with IC 50 values of 12.83-34.19 μM. A comparison of the inhibitory efficiency of physalins revealed that the Δ 5,6 double bond and the proton at C-25 were of pivotal importance. Compound 16 displayed significant inhibitory effect, while 4 showed moderate inhibitory activity, indicating that H-25 could increase inhibitory activity. An analogous case was observed for compounds 8 and 9, the former showed weak inhibitory effect since the 5-ene unit was hydroxylated. However, compound 3 displayed moderate inhibitory effect, indicating that the configurations of OH-5 and OH-6 could influence inhibitory activity. All isolated compounds were evaluated for their cytotoxic effects against RAW 264.7 macrophages, but did not exhibit any at their effective concentration.
Conclusion
In summary, a 1,10-seco physalin, physalin V (1), physalin VIII (5), a novel 11,15-cyclo physalin, physalin IX (6) and two other new ones (2 and 4) were isolated from the stems and leaves of P. angulata together with eleven known ones. The absolute configuration of physalin P (12) was established by single crystal X-ray crystallography, and it is the first report about the absolute configuration of the neophysalins. To our knowledge, the 1,10-seco normal withanolides were previously isolated from P. minmina, P. peruviana and Flos Daturae, while it is the first report about the presence of 1,10-seco physalin in nature and the genus Physalis. The inhibitory effects on nitric oxide production and antiproliferative activities against human cancer cells of the isolated compounds were evaluated. Compounds 9 and 10 showed significant antiproliferative activities against all tested human cancer cells. Compounds 9, 10, 13, and 16 showed significant inhibitory activities against NO production. These results indicated that they are promising candidates that could be further researched on and developed as antitumor and anti-inflammatory agents.
Methods
General experimental procedures. Optical rotations were recorded on a Perkin-Elmer 241 polarimeter.
UV spectra were measured on a Shimadzu UV 2201 spectrophotometer. IR spectra were recorded on a Bruker IFS 55 spectrometer. Bruker AV-400 and AV-600 spectrometers were used in the NMR experiments. Chemical shift values were expressed in δ (ppm) using the peak signals of the solvent DMSO-d 6 (δ H 2.50 and δ C 39.51) as references, and coupling constants (J in Hz) were given in parentheses. HRESIMS data were acquired on an Agilent 6210 TOF mass spectrometer. Silica gel GF 254 prepared for TLC was purchased from Qingdao Marine Chemical Factory (Qingdao, China). Silica gel (200-300 mesh, Qingdao Marine Chemical Factory, Qingdao, China), Sephadex LH-20 (Pharmacia, USA), and octadecyl silica gel (Merck Chemical Company Ltd., German) were used for column chromatography (CC). RP-HPLC separations were conducted using an LC-6AD liquid chromatograph and a SPD-20A UV detector (Shimadzu, Kyoto, Japan) with a RP-C 18 column (250 × 20 mm, 120 Å, 5 μm, YMC Co. Ltd.). Plant material. The stems and leaves of P. angulata were collected from Nanning, Guangxi Province, China, in July 2013, and identified by Jia-Fu Wei, Guangxi Institute for Food and Drug Control. A voucher specimen (PA-20130826) has been deposited in the herbarium of the Department of Natural Products Chemistry, Shenyang Pharmaceutical University.
Extraction and isolation.
The dried stems and leaves of P. angulata (9.5 kg) were extracted with 75% EtOH CC (2 × 50 cm, CHCl 3 -MeOH, 80:1 to 1:1) and preparative TLC (CH 2 Cl 2 -acetone, 4:1), yielding compound 6 (12 mg). E332 (1.5 g) was separated by silica gel CC (2 × 50 cm, petroleum ether-acetone, 50:1 to 1:1), preparative TLC (CH 2 Cl 2 -acetone, 4:1), and preparative HPLC (60% MeOH-H 2 O, 6 mL min −1 ) to afford compounds 2 (10 mg, t R = 24 min) and 14 (21 mg, t R = 26 min). Compound 9 (140 mg) was recrystallized from E34 (4.2 g) using MeOH. E36 (3.8 g) was subjected to silica gel CC (5 × 70 cm), eluted with petroleum ether-acetone (80:1 to 1:1), no. to afford five subfractions (E361−E365). E363 (1.5 g) was subjected to silica gel CC (3.5 × 70 cm) using CH 2 Cl 2 -acetone (80:1 to 4:1) to produce compound 10 (200 mg). E364 (210 mg) was separated by silica gel CC (2 × 50 cm, CH 2 Cl 2 -acetone, 80:1 to 4:1) and preparative TLC (CH 2 Cl 2 -acetone, 4:1) to yield compound 12 (28 mg). E37 (3.2 g) was purified by preparative TLC (CH 2 Cl 2 -EtOAc, 1:1) to give compounds 1 (19 mg) and 11 (25 mg) . E4 (15 g) was subjected to silica gel CC (5 × 70 cm), eluted with CHCl 3 -acetone (80:1 to 1:1), to afford five subfractions (E41−E45). E43 (1.0 g) was chromatographed over ODS CC (3 × 50 cm, MeOH-H 2 O, 1:9 to 1:0) and preparative HPLC (60% MeOH-H 2 O) to give compound 7 (10 mg, t R = 24 min). E45 (4 g) was separated by an ODS column (3 × 50 cm, MeOH-H 2 O, 1:9 to 1:0) and preparative TLC (CH 2 Cl 2 -acetone, 2:1), yielding compound 3 (50 mg) and an impure subfraction, which was further purified by preparative HPLC (65% MeOH-H 2 O) to afford compounds 5 (8 mg, t R = 20 min) and 15 (10 mg, t R = 23 min). E6 (7 g) was subjected to silica gel CC (5 × 70 cm) eluted with CHCl 3 -acetone (50:1 to 1:1) to afford four subfractions (E61−E64). E61 (900 mg) was separated by Sephadex LH-20 CC (3 × 80 cm, MeOH) and preparative HPLC (60% MeOH-H 2 O) to produce compound 13 (5 mg, t R = 16 min). E64 (1.5 g) was subjected to ODS CC (3 × 50 cm, MeOH-H 2 O, 1:9 to 1:0) and preparative TLC (CH 2 Cl 2 -acetone, 10:1), yielding compounds 4 (8 mg) and 16 (28 mg X-ray crystal structure determination of compound 12. The data were collected on an Xcalibur, Eos, Gemini diffractometer using monochromatized Cu Kα radiation. The structure was solved by direct methods using SHELXL. Crystallographic data have been hosted in the Cambridge Crystallographic Data Centre (CCDC 
